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Recently [1,2], a method for remote arc weld process control using 
real-time radiography as a vision system was described. In this work 
information on we~d quality extracted from real-time radiographic images 
was used in feedback to change welding conditions to maintain weld 
quality. Principal attention was given to automatic control of weld 
penetration [2]. The radiographic image was analyzed at some distance 
behind the welding pool where the weld became solidified. An early detec-
tion, from the image, of depth of weld penetration was performed and based 
on this information the welding current was adjusted automatically to 
obtain complete penetration. The time (and space) delay in extracting 
information on weld penetration leads to the appearance of small areas of 
weld with lack of penetration. 
In this paper, control of weld penetration is accomplished by use of 
radiographic information on weld pool depression. During weld control, 
based on comparison of the measured depressed pool depth and width with 
threshold levels, welding conditions are automatically adjusted to main-
tain required weld penetration. 
EXPERIMENTAL SYSTEM AND CONCEPT 
The radiographic system (Fig. 1) consists of a 160 kV ceramic X-ray 
tube and Machlett Lab 7-inch diameter Image Intensifier, integrated with 
the welding unit. The imaging system used previously for weld process 
monitoring and penetration control [2] has been modified by adding two 
data translation boards, DT-2851 and DT-2858. DT-2851 is a high-resolution 
frame grabber and has two image buffers on board, each with 256 kB memory. 
DT-2858 is a high-speed frame processor. Both boards are connected by an 
internal high speed bus and connected to the IBM-AT bus which has a lower 
speed. The first image buffer on the DT-2851 board was used for real time 
display of images and the second buffer was programmed for temporary storage 
of a portion (the welding pool in this case) of each real time image. 
The image from the image intensifier is fed to the first buffer on the 
DT-2851 imaging board, where the image is digitized, analyzed, and displayed 
in real time. The shape of the depressed pool surface is extracted from 
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Fig. 1. Schematic diagram of experimental arrangement for intelligent 
process control of weld. 
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Fig. 2. Schematic illustration of welding electrode, depressed pool 
surface, and liquid-solid interface. 
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the radiographic image of the welding pool and decisions on weld penetra-
tion are made. A packet of programs written in the "C" computer language 
was developed to operate the frame grabber board, the image processor 
board, the welding power supply, and data logging and to analyze images 
and make decisions. 
Figure 2 is the schematic showing the consumable welding electrode, 
electric arc, metal transfer, depressed pool surface, liquid pool, weld 
penetration, and base metal. In Fig. 2, "H" is the plate thickness and 
"d" the thickness of liquid and solid metal together at the bottom of the 
welding pool. Because of the heat of the arc which melts the plate and 
the arc pressure on the molten pool, the welding pool is depressed during 
welding and the material thickness is reduced from H to d. The depressed 
pool surface becomes deeper and wider when a higher welding current is used. 
Because of the thinner section of material under the welding arc, the 
attenuation of X-rays is less in the welding pool area than in the 
surrounding base metal. Hence, it is seen as a lighter area on a positive 
radiographic image as shown in Fig. 3. The material thickness can be 
reconstructed from the image by knowing the brightness level and the X-ray 
attenuation coefficient (the relation between the brightness level and the 
material thickness in this work is obtained experimentally). In this way, 
three dimensional information on the welding pool is obtained which can 
characterize weld penetration. 
PROCESSING OF DATA AND OUTLINE OF ALGORITHM FOR COMPUTER CONTROL 
The information on the depressed pool surface may be extracted by 
converting the shape of the radiographic brightness profiles to cross 
section profiles. High speed processing is required to make the on-line 
computerized decision . Cross section profiles of the depressed pool sur-
face were analyzed from the image during welding. By comparing to metal-
lographs of the appropriate weld cross sections the depth of the liquid 
metal in the pool has been determined together with the weld penetration. 
For the welding currents and speeds used, the thickness of this liquid 
layer is determined to be less than lmm at the bottom of the pool. 
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Fig. 3. An example showing one frame of the real-time radiographic image 
of a bead-on-plate depressed molten pool. X-ray tube voltage 
lSOkV, tube current lOrnA, welding arc current 410A, arc voltage 
30V, welding speed llmm/sec. 
1975 
In the experiments on weld penetration control, the image processing 
procedure was automatically triggered after initiation of the welding arc. 
The location of the window was automatically determined by finding the 
highest gray level corresponding to the deepest pool depression. The 
threshold brightness level was preset experimentally. When both criteria, 
depression depth and width, were fulfilled, the weld penetration was 
deemed complete; otherwise, partial weld penetration was assumed. In this 
way both partial and full weld penetration may be controlled. A decision 
on weld penetration was made about 6 times per second. 
In the experiment for a bead-on-plate submerged arc weld, several 
threshold values were tested on a 6.35mm thick steel plate. In the whole 
series of experiments, threshold values for weld penetration were found 
to be about 4.3mm for the depression depth and lmm for the depression 
width (width of 4 pixels). The value of threshold depth corresponds to 
brightness level 100/255 at 130kV tube voltage and 10 mA tube current. 
Selection of threshold values and accuracy of weld penetration control 
may depend on radiographic parameters and welding conditions. 
COMPUTER CONTROL OF BEAD-ON-PLATE WELD 
The main distinguishing feature of the system is that information on 
molten pool depression extracted from radiographic images is used in feed-
back for welding power supply control. To demonstrate the work of the 
complete system, the following approach was taken. The weld was started 
with a low welding current so as to result in a partial weld penetration. 
Afterwards the system was locked on automatic control and its recovery to 
the region of full penetration was observed. After the start of welding 
the computer feedback locked on and began to increase current in the power 
supply until the message "full penetration" was received. 
Figure 4 shows the welding current, measured maximum brightness, and 
measured width of pool depression versus welding time. The welding current 
(Fig. 4) started at about 260A; the welding voltage was about 30V and the 
welding speed llmm/sec. The welding current was increased by roughly 6A 
with each detection of partial weld penetration until full penetration was 
obtained. Pool depression width is measured at the threshold depression 
depth, 4.3mm depth on a 6.3Smm thick plate in this case. 
From Fig. 4 can be seen the process transiting through partial to 
full weld penetration. In this transition four regions of weld penetration 
were observed. In Fig. 4, regions I, II, III and IV correspond to a stable 
partial penetration, an unstable full penetration, an unstable partial 
penetration, and a stable full penetration weld, respectively. 
An unstable partial penetration weld is a deep partial penetration 
but without root penetration. Such a penetration is more sensitive to 
pool dynamics and less tolerant to system disturbances than a stable 
partial penetration which may exist at a lower welding current. An unstable 
full penetration is characterized by small root penetration and, as in the 
case of an unstable partial penetration, is more sensitive to pool dynamics 
and less tolerant to system disturbances than a stable full penetration 
weld with greater root penetration. (Such penetration may be achieved, 
for example, at a higher welding current.) System disturbances may be due 
to non-smooth mechanical travel and wire feeding, fluctuations of the 
welding power supply, and a non-uniform heat sink along the weld. 
At the same welding current, depending on pool dynamics and system 
disturbances, an unstable full penetration weld may transform to a partial 
penetration weld. In order to overcome this unstable transition, the 
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welding current is automatically increased after the unstable penetration 
is detected as can be seen in Fig. 4. After increase of the welding 
current, a full penetration weld is obtained with deeper root penetration 
as may be seen in region IV in Fig. 4. 
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Fig. 4. Welding current, measured maximum brightness, and measured 
width versus time. X-ray tube voltage 130kV, tube current lOrnA, 
welding arc voltage 30V, welding speed llmm/sec. 
Typical examples of fully and partially penetrated welding cross 
sections (bottom row) and corresponding brightness profiles (top row) are 
shown in Fig. 5. The decision on weld penetration was made in real time 
by analyzing these profiles as discussed previously. The left of Fig. 5 
(A) shows the brightness profile of a partial penetration weld whose cross 
section can be seen in the left photograph of Fig. S(B). In the right of 
Fig. S(A) is a brightness profile of a full penetration weld and its 
corresponding cross section can be seen in the right of Fig. S(B). The 
partial penetration was done at welding current about 300A and the full 
penetration about SOOA. 
In addition, an electrode shadow can be seen in the right of Fig. S(A) 
which contains information on the position of an electrode. This infor-
mation can be used in weld joint tracking to adjust the relative position 
between electrode and weld joint and make a proper weld. 
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Fig. 5. (A) Brightness profiles of pool image with computer decision: 
partial (left) and full (right). 
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(B) Corresponding photographs of bead-on-plate weld cross 
sections. 
In the application of automatic welding, in order to have the highest 
productivity high welding current and high speed are desired. In this 
case, the pool depression is greater and is easily observed by using this 
technique. Radiographic noise and system unsharpness do not cause problems 
in the monitoring of the welding pool. For a weld on a thin plate, a 
lower current (lower arc plasma force) is used and the depressed pool 
surface is shallow. In this case, the radiographic signal of the pool 
depression is low and comparable to radiographic noise, and the noise 
level becomes crucial and special image processing techniques are needed. 
Welding at low speed is another extreme case. In this case, the liquid 
pool layer may be larger and the prediction of weld penetration from the 
depressed pool surface can become more complicated because of the uncon-
trolled pool motion. 
Finally, process control and quality inspection may be integrated 
together. Figure 6 presents the basic idea. One image receiver may be 
used to monitor the welding pool and the welding quality can be controlled. 
By using the same image receiver, a solidified weld may be inspected as 
discussed in a previous paper [2). In this way, welding process control 
and weld quality inspection may be done at the same time during welding 
which can increase weld quality and .reduce cost. In addition, information 
on the location of the welding pool, electrode, and joint is available 
in one radiographic image which can be used for radiographic tracking of 
the weld joint together with process control and quality inspection. 
X-RAY 
CONTROLLER 
TO TRACKING 
SYSTEM 
IMAGE PROCESSING 
FROM WELDING ---" ~~8rilN1+FoRNN 
CONTROLLER OF DEFECTS 
TO WELDING 
CONTROLLER AND 
OTHER SENSORS 
KNOWLEDGE-BASED 
SYSTEM FOR 
WELDING CONTROL 
Fig. 6. Schematic illustration of integration of radiographic inspection 
and control system. 
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CONCLUSION 
A new method of arc weld penetration control was developed based 
upon computerized control of depth and width of welding pool depression. 
In this approach information extracted from real-time radiographic images 
on pool depression, supplemented by sensor data on weld current and voltage, 
is used for weld penetration control. The major difference from other 
welding control approaches is that here intelligent closed-loop feedback, 
based on direct radiographic information on pool geometry, is used. The 
concept was demonstrated for closed-loop process control of weld penetra-
tion in submerged arc welding. 
In addition to weld control, several basic observations on the welding 
pool, using real-time radiography, were made, such as the pool depression-
current relation and the depth of the liquid in the pool which may be 
helpful to the understanding of pool dynamics. 
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